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Shown here, by day and by night, is Total Electric Home No. 2 in Canton, Ohio. This is the second 
of 16 special total electric home plans designed by five of the nation’s leading residential architects. 
The homes serve as total electric showplaces, demonstrating new appliances, entertainment 
equipment, air conditioning, and especially electric heating. A total electric home like this one 
requires about 30 000 kwhrs of electricity per year 

In January 1959, Westinghouse introduced the total electric home program. At this time, only 
a few utility companies were actually encouraging use of electric house heating. Today, Westing 
house has cooperative house-heating programs with 85 of the nation’s leading electric utilities 

According to EEI forecast, 100 000 electrically-heated homes will be added to the nation’s 
electric utility load this year. 
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W. F. DAVIS, Manager 
BR-3 Project 
Atomic Power Department 
Westinghouse Electric Corporation 


Pittsburgh, Pennsylvania 


The BR-3 reac tor, when plac ed in operation late this vear, 
will give Belgium its first atomic power plant. In addition 
to the generation of power, this plant will serve as a train 
ing facility in power-reactor operation and will provide 
the means for practi al experimentation in reactor tech 
nology. The plant is owned by the Centre d'Etudes de 
l'Energie Nucleaire, a nonprofit Belgian organization for 
the study and advancerggnt of atomic energy. Together 
with two other reactors op rated by C.E.N., BR-3 is lo 
cated at a laboratory site near Mol, about 50 miles north 


east of Brussels 


primary system 


BR-3 is a pressurized water reactor similar to, but smaller 
than, the Yankee plant Phe primary system, shown in 
big. 1, consists of a reactor, steam generator, coolant 
pumps, and pressurizer. At reactor design power of 41 mw 
(thermal), two pumps circulate coolant through the sys 
tem at a rate of 12 500 gpm Coolant enters the reactor at 
$91 degrees F and leaves at 515 degrees. The steam gen 
erator produces 154 400 Ibs /hr of steam at a pressure of 
525 psia. This steam, supplied to a turbine, provides a 
gross clectrical generating capability of 11.4 mw. The 
cylindrical reactor core, composed of 32 replaceable fuel 
assemblies, is 34 inches in diameter and 56 inches high 
Reactor control is provided by 12 control rods 

The core and its supporting structure are housed in a 
reactor vessel with an inside diameter of 58 inches and a 
wight of 18 feet. This vessel weighs about 50 tons and is 
fabricated from $3, inch carbon-steel plate clad with stain 
less steel. Two 12-inch inlet nozzles and one 16-inch outlet 


j 


nozzle are located above the core. The core support struc 


] 
‘ 


ture, suspended from a ledge near the vessel flange, posi 
tions the fuel assemblies and provides the baffling needed 
for flow distribution. The vessel head is flanged and 
gasketed to permit removal for refueling. Provision is also 
made for seal welding if required. Nozzles in the vi ssel 
head support the 12 control-rod drive mechanisms. The 
reactor ass« mbly is shown in lig. ca 

The layout of the primary system piping provides a 
single 16-inch “hot” leg carrying coolant from the reactor 
and two 12-inch ‘“‘cold” legs that return coolant to it Stop 
valves are omitted to minimize thermal stresses and the 
possibility of a cold water accident. To permit draining the 
system for maintenance and still keep a level of water 
above the core for removal of dec ay heat, the piping rises 
to a height of 18 inches as it leaves the reactor. Rubber 


maintenance, prevent any vapor or gas released by the 
core from reaching parts of the system that may be opened. 

A canned motor pump in each “cold” leg circulates 
coolant at a rate of 6250 gpm. To increase re liability, power 


Photo (Top left) Nuclear plant under construction in Belgium. 
Fig. 1 (Left) Primary system of the BR-3. 
Fig. 2 (Right) A cutaway diagram of the reactor. 


for these pumps is normally taken from two independent 
sources. Pump 1 is supplied by an auxiliary generator 
coupled directly to the shaft of the main generator, and 
pump 2 is supplied by the outside electrical network. In 
the event of a complete loss of power, the inertia of the 
main turbine-generator will prolong the flow coastdown of 
pump 1 to prevent core damage. To prevent backflow in 
the event of pump shutdown, a center-guided check valve 
is installed in the suction nozzle of each pump casing. This 
valve was developed to reduce thie pressure-drop and 
water-hammer effects associated with swing valves. Small 
amount of backflow 


passages in each valve permit a limite: 
to maintain temperature in an inoperative loop and avoid 
the possibility of a cold water accident when the canned 
motor-pump ts rest arted, 


The steam generator is a vertical, inverted U-tube design 


and is 5 feet in diameter and 26 feet high. The primary side 
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is designed for 2500 psia, as are all components of I ods to hold the core safely subcritical in the cold condition 

~ mary system. The shell or secondary side is designed for is not certain in the design stage. So a system was pro 
900 psia, and working pressure will vary between 525 | ded to tnject a chemical neutron absorber (boric acid) 

t fi load and 712 psia at no load. Three moisture s¢ nto the primary coolant prior to cooling down, to ensure 

rating devices on the shell sick reduce the moisture mtent I t the reactor would be safely subcritical in the cold con 

r steam to less than !4 percent lition. During start-up, the bulk of this absorber would be 

er maintains primary syste! yressure ved by feed and bleed operavion ind the remainder 

ng operation, and provides \ ( leminer er. While the results of the critical experi 

ommodate coo t surges sulting fro Vi ce shown that a chemical neutron absorber 

res. This 93 bic TOOT Vesse rT t needed for the tirst core the svstem has been re 

Tee f steam and 4? cubic feet le ed tor possible sc wit future cores and tor exper 

Immersio eaters In the lower t ft tal purpose 
e the water re yuired to forn S sulet 
Ives n ted on top of the pressul | ore 

te tor the primary syste BR-3 is one of the first commercial power reactors to use 

ling s been used whereve . t ess Stee core cladding material. Type 348 stain 

ist g the primary system and its cor ibing, 0.343 inches in outside diameter and 21 mils 

sures are flanged to permit ren k, provides the basic structural element of a fuel as 

‘ ice. On these closures, init Oper: mp1 Ninety-one uranium dioxide pellets are contained 





volume, cool the primary t remove 
provide cooling water ind d Spost | 
qu 1 iStes | 
\ safety tion svstem guards iv st t vossibilit rf 
of core damage that might result trom lo ! ) t 
through a leak or break In the primar st Starte 
utomatically by a drop in primary pressure, this systen 
uses the boiler feed pumps to inject water into the primar of 
system. Hot feedwater taken from the deaerator is supp | 16 
initially, followed by re fueling canal water trom the tor the 
age tanks. Water is injected into the system at two loca ne 
tions, so that the core will always remain covered regard of 
less of the location of a leak or break 
Because of uncertainties of control-rod wort} ve i ex 
the large reactivity change involved in going from a co ( ¢! 


164 condition to full 


lertake vith gaskets ‘ ‘ 

) s made for s¢ vt y 

slems ; 

s are similar to those of other pressurized rods 
ese systems remove and purily the coo t 


sembly is show: 


BR-3 has a two-enrichment core with fuel 


periments 


power, the ability of the twelve control ove 





het vit spacer discs separating the fuci column 

» four pl Ca distinct but communicating compart 
ts The « | f the tubes are sealed with type 404 
ss-steel plugs, thus making a fuel rod. Individual 


e brazed into subassemblies using ferrules placed at 


rvals along the length. Four such subassemblies, when 


stened to nozzles, lorm a completed fuel 
110 or 111 rods on a 


\ total 


assemblies contain 


¢ lattice array with a pitch of O $80 inches 


rods are contained in the core. The 


$536 fuel 
in Fig. 3 


enrichment 


ed in a rad direction. The inner 16 fuel assemblies 
core are enriched to 3.7 percent U-235 and the outer 


semblies cent 


to 4.4 per 
power distribution and reduces hot chan 


The use of two enrichments in 


or 
re 


Improve 


ore contains approximately 5000 pounds 


underwent a series of proof test critical 
Westinghouse 
see Fig. 4). Experiments were conducted 


it’ the Reactor Evaluation 


ter (WREC 


ratl 


iree-month period and provided valuable data on 


reactivity, rod worth, and power distribution. ‘The experi- 


ments also demonstrated that the cold reactor could be 


shut down by control rods alone and that a chemical neu 
tron absorber would not be required. 


reactor control and safety 


Automatic control of the BR-3 reactor is based on average 
temperature of the primary coolant. Deviations greater 
than 3 degrees F from a reference temperature initiate con 
trol rod movement. A power differential override reduces 
the transients resulting from large swings in plant load 
This control compares reactor power with steam flow and 
initiates rod movement when the difference exceeds a pre 
determined amount. For safety reasons, this control acts 
to insert all control rods, but will withdraw only the con(rol 
group of rods. The 12 rods are divided into two outer 
groups of 4 and two inner groups of 2 for control purposes 
Phe BR-3 control-rod drive mechanisms are of the mag 
netic jack type. All moving parts are contained within a 





hermetic pressure housing mounted on the head of the 


reactar vessel. A bundle of magnetic rods, attached at its 
lower end to a control rod, extends upward from the core 
into the pressure housing. Magnetic flux, originating in a 
series of coils outside the pressure housing, positions and 
moves the rod bundle and the attached control rod. The 
magnetic jack mechanism has an inherent safety feature, 
in that the control rods can be scrammed at any time by 
simply de-energizing the coils. The rods will fall into the 
core under the influence of gravity The lack of latches, 
gears, or other mechanical devices that might become 
jammed or broken increases reliability 

Nuclear instrumentation monitors reactor power from 
start-up through full power and initiates shutdown if safe 
limits are exceeded. Two duplicate start-up channels are 
installed, each consisting of a source and an intermediate 
range section. Reactor scram will occur on fast start-up 
rate. Three duplicate channels monitor the power range 
and matching signals of any two are required to initiate 
scram on power level. The need for this matching reduces 
the possibility of plant shutdown caused by spurious sig 
nals. Automatic control reduces the setting of the power 


level scram on these channels when the plant is operating 
on only one primary coolant pump or when pump 1 is not 
connected to the auxiliary generator. Reactor scram is also 
initiated by such conditions as high primary coolant tem- 
perature, low primary system pressure, loss of coolant 
flow, loss of vital bus voltage, and operation of the pene- 
tration valve master controller. 


plant container and site facilities 


\ cross section of the plant container and storage well area 
is shown in Fig. 5. The primary system and high-pressure 
sections of auxiliary Systems art located inside the con- 
tainer. This vessel is 54 feet in diameter and 107 feet high 
and is designed to withstand an internal pressure of 45 
psig. Approximately one-quarter of the structure is below 
ground level. Concrete shielding mside the container re- 
duces radiation to safe levels and permits limited access to 
the Ope rating deck during plant operation 

To prevent any leakage from the plant container in the 
event of an accident, all entering lines have two check 
valves, one inside and one outside the shell. All lines leav- 
ing the container have remotely operated isolation valves. 
Should an accident occur, operation of a penetration valve 
master controller in the control room will scram the reactor 
and isolate the plant container. 

The storage-well area adjacent to the plant container 
provides facilities for the storage and handling of spent 
cores. New fuel for the reactor is brought into the con- 
tainer through this area. The refueling canal inside the 
container is empty during plant operation but must be 
flooded during refueling to provide shielding. Refueling is 
ace omplished by long-handled tools supporte d by the plant 
container crane and manipulated from a traveling bridge 
suspended above the canal water level. Individual fuel 
assemblies and control rods are lifted from the reactor 
vessel and placed in a carrier in the fuel transfer tank. The 
carrier then transports the assembly or rod to the storage- 
well end of ‘the tank where the element is removed and 
plac ed in storage rac ks in the well. New fuel is moved into 
the plant container by reversing this procedure. Lock and 
isolation valves on both openings of the transfer tank pre- 
vent mixing of the refueling canal water with storage-well 
water during refueling operations. 

An auxiliary building, separating the plant container 
from the turbine building, provides access to all radio- 
active areas of the plant. Reactor auxiliary systems are 
located in the shielded basement of this building to permit 
inspection and maintenance during operation. A shipping 
area adjacent to the storage well provides facilities for 
handling new and spent fuel, and for removal of demineral- 
izers from shielded cells in the basement. 

A waste and ventilation building contains the waste 
hold-up tanks and equipment, the refueling water storage 
tanks and the ventilation system. Central facilities at the 
Mol laboratory site are used for the disposal of radioactive 
waste. A turbine building houses the turbine-generator, 
secondary plant equipment, the control room from which 
the entire plant is operated, and required office space. 

Despite its relatively small size, the BR-3 is in every 
respect a power reactor, and will be useful as a 
source of power as well as a training and experi- ENGINEER 
mental facility. 
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THERMAL PROTECTION FOR AIRBORNE ELECTRONIC SYSTEMS 
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ROBERT M. SANDO, Fe ky , 
\ i Lh ment Eng et y 
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Ba Ma 
The thermal environme for airborne ele y 
me! is created by ¢ itural condition ol e atmo 
ind the ind ed ette s from aerodynan i y 
ol equipme! €a ind power pial nea | 
ilelV, Most Cle rol equipmel whether neat vene 
or nonheat generating, is sensitive at some level of te 
ture Theretore, some torm otf pr itectior s req 
keep Component te peratures iow enough to peri I 
factory performance over the desired operating pet 
Electronic system designers have three approa 
providing thermal protection: decrease the he 0 
he equipment: develop components suitable tor 
operating temperatures, al d provide ethcel mea 
neat remova 
equipment heat load 
The growing heat load of airborne electro! eq 
can be demonstrated by the increase in typica We 
house radar systems, shown in Fig. 1. The increase 
is largely due to the greater range requirements of 1 
radar svstems. A high percentage of the input ele 
power, 85 to 99 percent, is transferred into hea 
The most direct approach ts to use electrical comp« 
it generate a n mum amount of heat. For « 
ransistors used in place of electron ibes wv red 
aad. Hf-submimature ibe na typical circuit are re 
bv transistors, the heat load can be reduced by a ta 
MM) to 1 However move doesn't necessar 
M problem because transistors are more se! ve 
emperature that ibes. Conventional design te 
permit subminiature bes to operate an ambue 
ronment of 175 degrees (. However, germar 
yrs are limited to 55 degrees C and silicon tr 
100 degrees 
Another mmplicatlo reated by e trend 
IT i rizatllor \ jugn hea oad may be decrea 
1 particular piece of equipment, the heat ae 
ver square I! 0 rface area) can increase. TI 
) in re l re of the natural mode 
er to keep a lactor teady ite temypx 
higher operatin lemperature 
| f ro equipme 0 d be cle igne¢ | oT 
estructive effects of temperature extremes | ( 
eco ed electrical and thermal problems dur 


iirborne electronic equipment 
t, which must be disposed of 


rv equipment design. Failure to attack thermal prob 
‘ iong po ve line designing equipment to with 
maximum operating temperature Ww necessitate 

r desirable methods for providing therma protection 
emperature ha i most Important etlect on electron 
t pment materia Structural materials, such as alumi 
| et se trength wit! increased temperature 
e decrease il trenygth at cies ited temperature tor sev 
ir tur ter . Snow! I | j 2 lemperature 
tlects the characteristics ol “electrica materials 
{ luctivity decreases as temperature incre ises, and the 
netic characteristics, or conversely the magneth 


bilities of a material are affected by high te mpecratures 


Some protection can be provided for temperature-sensi 
ve equipment by separating heat-generats w and nonheat 


enerating Componetr either by different physical loca 


yn, or individual equipment insulation 
Heat transfer principle should be applied to each detail 
mart ol the equipment to provide itisfactorv heat removal 
For equipment with a short operating period, such a 
ig principles can often be em 
ved effectively. The use of materials with low thermal 
tivity, low density, and high specific heat can offset 
e effects of aerodvnamic heating during high speed flight 
Thermal insulation of compartments housing electronic 
equipment can further decrease the rate of temperature 


e of ambient air inside the compartment 





critical temperatures tor 


met ( 


t can only be applied up to the limits 
f available techniques and materials; beyond this potnt, 
heat must be removed from the equipment 


fir lir (One of the simplest and most reliable meth 


od t heat removal ts the ram-air | 
| v ising a iir-to-air heat exc} 
preakdown 1 i problem, a va wha 
h, wl inn e of rinth r 
t ‘ | i mn { pre 





Growth in heat dissipation of typical airborne radar 


Fig. 1 


systems 


The structural strength of these typical materials ts a 


Fig. 2 


function of temperature 


Fig. 3 Conductivity of typical insulation materials changes 


with temperature 
Fig. 4 Ram and bleed air supply for cooling systems 
Fig. 5 Ram air pressurized cooling system 


Fig. 6 Ram air temperature is proportional to the square of 


aircraft velocity 
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FLIGHT SPEED—FEET PER SECOND 


If the electronic equipment compartment does not need immersed in the cooling liquid. Heat is removed from the 


» be pressurized, ram air can be ducted directly into the quid by a liquid-to-air heat exchanger (Fig. 8 
artme r iting the heat exchanger \nother method of applying this system is to fasten the 
he major disadvantage of this system ts the working d pipes directly to the bottom of each chassis support 
emperature of the ram air. Excessive speeds produce ad ng heat-generating components. Complete or partial im 
ympression of the ram air. The temperature of ran mersion of equipment in liquid is another method some 
I ) e ol air iit velo es ¢ | ved 
graphically in Fig. 6 / poralive Cooling —An expendable evaporative cooling 
lir-Cycle ¢ ne—If inlet ram air temperature ap em possesses a high degree of reliability. Heat is re 
aaches the critica omponent operating temperature, a moved by the imple process ol vapor ing a liquid at iI 
re omplicated « voling cycle is required. One possil ng point. Obviously, the boiling pomt ol the iquid 
ne air-cycie pressul ed system, shown in | f t be below the ritical operating temperature ol the 
( ooling air ts prov led by a nign-pressure urce ( I i omponent The boiling point of the liquid can 
ise, Irom a stage oI the main aircralt jet eng ( ( mtro ed by the pressure to whi hit is subsec ted hig 
ressor Set lig } ! e high-pressuft ir 1s rst woied } (other tactor ich as the latent heat ol vy ipor ation, 
pressure siugntiv reduced) DV passing I rt i Cl t\ ind free ng point are con idered in select ny a 
, ea ye | e alr eX A Y ] 
expansion turbine, where temperature and pre re re e of th wling method ts limited by the operating 
reduced to the values needed tor cooling t ) weignt of the iquid required for ong time period 
| { turt ne snhal rsepowel deve oped | I ‘ i I iat ne \ tem indesirable I V iporat ve (mM) 
roces iD rbed bv a tar wate e< l 1\dapted t ai c where flight time 1 hort 
€ ran il VA | lal i ) re ( { ore pe ol expendabie ey iporative Vstem now! n 
rar yg ‘ é é ‘ | 10) \ i ler pre ire pa ed ro i t 
\ t ve t I lve ind ne re iny mung amme i ga 
g 1 op ) é ) r é ‘ ‘ anger and exha ed overboard 
/ d ( | ) r ible e water, water ethviene ¢g i | 
wate P ene g ‘ 
) r r s é r ea / por ‘ lir ¢ é \r CXDE il e ey ra ( 
I é r ) i ( iy 1 ermediate oo yv el r 
r A er (by weg ( t 1 v hig 11. TI vsten cs the 
equa ywling performance ymbined cooling effects of bleed air (compressed air), ram 
Witt iqu 1 coolit gy, eaci eat-generating my ent or iir, evaporative ooling, and an expansion t irbine 
ssemblv is connected to heat-conducting rods, v ure The operation of tl ystem 1s similar to that shown in 
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Fig. 9 Soiling point of a 


LIQUID-TO-AIR HOT RAM 
liquid ts a function of vapor HEAT EXCHANGER AIR EXIT 
pressure 


Fig. 10 Expendable evap- ELECTRONIC 

orative cooling system MODULES V 

Fig. 11 This system em- tener COLD EXIT 
ploys the combined cooling TURBINE AIR 
effects of ram air, bleed air, 
evaporative cooling, and an 

168 expansion turbine. 











Fig. 7 except that the evaporative cooler removes heat 
before the air is passed through the expansion turbine 


Hence, 


tion can be higher than the operating temperature of the 


in this system, the boiling point of the liquid solu 


electrical components. This combined system ts capable 


of controlling high heat loads. 


cooling radar systems 


In the application of these basic methods to actual design 
problems, many combinations of the basic modes of heat 
transfer can result 

\ typical application example is an airborne radar sys 
tem. The antenna can be neglected as a major source of 
heat generation, so that the system can be divided into 
transmitter and receiver sections 

In the radar transmitter, the major heat-generating com 
ponents are the power supply, modulator, and klystron 


tube. The component parts of the power supply are sealed 


na compartment containing sulfur hexafluoride gas under 
pressure to prevent dielectric breakdown. The gas is circu 
lated through the compartment and passed through a gas 
to-air heat exchanger, swch as shown in Fig. 5 

The components comprising the modulator are sealed in 
a compartment with air at a pressure slightly higher than 
sea level. Compartment air ts circulated through an air-to- 
air heat exchanger 

The klystron tube is designed for liquid cooling. Heat | 
transferred from the tube parts to the liquid, which ts 
passed through an air-to-liquid heat exchanger (Fig. & 
The the 


passing ram air directly over the heat-generating parts 


component parts of receiver are cooled by 


Hence, this typical radar system is cooled by a combination 
of four different cooling methods 
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thermoelectric cooling 


The miniaturization of electrical ts and circuitry 


omponen 


through the use of solid-state devices is being emphasized, 


and has already suggested the next step in thermal pro 


tection. With thermoelectric technique mall individual 


cooling systems can be built for temperature-sensitive com 


Thermoelectric 


ponents devices operate on the principle 
that when an electric current is passed through the june 
tion of two dissimiliar materials, cooling can result. The 
amount of cooling possible is a dire function of the ele 


tric current applied. Herein lie he major problem area 
for this type of cooling—materials that possess low ther- 
mal conductivity, high thermo and low 
Materials res 


ready made notable progress in developing these 


power, 
electrical resistance. cientists have 


materials.! 
conclusions 


Efficient application of the various types of cooling sys- 


tems can result in minimum coolant flow requirements for 
a given heat load and desired temperature rise. The effi- 


ciency of any cooling system depends upon the proper dis- 


tribution of the coolant to each individual heat-producing 


l 


component. Coolant distribution is not easily achieved, 


especially in a system with nonuniform heat distribution 


and complex geometrical desig! 


} 


The various cooling techniques must be evaluated for 
i 


each specific application. A combination of sev- 


eral systems is often necessary for a satisfac- ENG NEFR 


tory solution to a specific thermal problem. 


\Thern 


! Modules for Cooling,” West 
May 1900, p. 94 
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DC TO AC POWER CONVERSION . . . BY SEMICONDUCTOR 


INVERTERS 


E. J. DUCKETT 


Many basic sources of electrical energy oda yroduce 


direct current. In the future, many of the new methods for 
direct conversion of thermal to electrical energy w alse 
produce direct current. For example, thermoelectr ther 
mionic, and magnetohydrodynamic devices, as well as fue 
cells, all have one thing in common thnev are dc genefra 
tors. While direct current is useful in some application 
the majority—particularly where large amounts of power 
are involved—require alternating current 

This situation requires an ethcent and econon i 
method for converting direct current to alternating 
rent, 1.e., an inverter. several reliable and etticient inverters 
are available, and among them Is a promising newcomer 


the newly developed semiconductor power inverte 


haste differe nces 





Fundamenta nverters are of three type é mnve 
tional motor-generator set, the mer ury arc rectihier y 
nitron) inverter, and the new semiconductor power 
verter. Both ignitron and the semiconductor inverters are 


basically static units as opposed to the rotating m-g set 


These three methods can be compared tn terms of their 


present and potential capabilities [he motor-generator se 

now available represent iong enyineering deve op nent and 
are an efficient and reliable method for electric power con 
version. However, since they are rotating devices, a num 
ber of disadvantages are evident. For example, there are 
bearings to be lubricated, carbon brushes to be replaced 
periodically, and commutators to be maintained. Also, 
even a single motor-generator set has a relatively tixed 
geometry. Therefore it is difficult, or often impossible, to 


rearrange elements to make the most effective use of space 


Of necessity, the rotating machine has inertia, so the 
motor-generator set must be brought up to operating con 
ditions; as a result, output power ts not immediately avai 
able unless the machine is kept rotating constantly. How 
ever, the m-g set has the inherent advantage of being able 
to withstand ove rload conditions for a reasonable 

Che ignitron inverter system is basically a stat init and 
thus less maintenance is required than for most rotating 
systems. Presently the cost of the ignitron system ensi 
tive to operating voltage. In the region of 600 volts, the 
cost per kilowatt is about $60. However, in the 2500-vol! 


region, the ignitron inverter system may cost as little a 


$50 per kilowatt. 


Since this system ts essentially static, its operation is 
quiet. Because there are no spark gap commutations, oper 
tion of such a device ts suitable for areas in which explo 
ive vases might be present The ethciency of the iynitron 
tem ts reasonably high and tends to increase as op 
erating voltage is increased 
The newest of the dc-to-ac inverter systems uses semi- 
nducior elements During recent years, a rapid succession 
f semiconductors has been developed to perform basi 
electrical functions 
The silicon diode was the first of these new devices to 
ippear and by combining new materials techniques with 
nproved fabrication methods, the present-day silicon 
liode has grown from the size that might be used in a port 
ible radio to units that have an operating voltage ol about 
500) volts and can control over 150 amps. The transistor 
too, has developed rapidly, largely because of a far better 
lerstanding of the basic physics of semiconductor 
\ major contribution to the success of high-powered 
on transistors came about only a few vears ago. These 
CVC require extremely pure icon materia ic than 
ne part in 10° impurity content ts desirable. As a res 
materials preparation research, a new method for pro 


] 


ducing extremely pure silicon Was developed and mucl 


better control of the device characteristics can now be 
obtained. Today the silicon transistor has been operated 
n the laboratory at as high as 21) volts and can control 
irrents as high as 30 amps. This means that a sma 
mount ot power can be used to control 6 kva wi 
ngle device; by putting these transistors in parallel-series 
ombinations, considerably more power can be handled 
In the recent past, research and development engineer 
have produced a new semiconductor, the Trinistor contro 
ed rectifier | hi new semic ondut tor cle vice is imilar to 
e transistor in many ways, but with one basic difference 
The control element of thr transistor is alwavs active and 
he transistor can be turned off or on at any time by apply 
g the appropriate voltage to the control element The 
lrinistor device, on the other hand, can be turned on bys 
he control element at any time, but the control is lost as 
soon as conduction begins. Special circuitry is required to 
turn off the Trinistor device; this causes the primary cur 
rent to go to zero, and at this point the control element 
again becomes operative. The transistor behaves in a man 
ner similar to a vacuum tube, but the Trinistor controlled 
rectifier has characteristics similar to a thyratron. Both 
transistors and Trinistor devices have been used in semi 
conductor power inverters, but the Trinistor appears to 


have the greatest pote ntial for ve ry high power op ration. 








static semiconductor inverters 


Both the transistor and the Trinistor controlled rectifier 
use a silicon wafer arranged so that a control element can 
cause the device to go from a high impedance state to a 
low impedance state. 

Considerable study of semiconductor units shows that 
the internal energy losses are extremely low when the 
devices are at minimum or maximum conduction condi- 
tions; high losses occur only under operating conditions in 
which the unit is not fully turned on or off. This makes 
it extremely important that the circuitry permit the semi- 
conductor unit to be operated in only two states—either 
all on or all off. Switching time from one state to the other 
must be made as short as possible for minimum dissipated 
energy and highest efficiency. Since the all-on, all-off type 
of operation ts essentially the behavior of a switch, this 
type of operation is identified as the “switching mode.” 
All of the semiconductor power conversion equipment has 
been designed with this type of operation as a basic part 
of the circuitry. The semiconductor is capable of perform 
ing the switching action extremely rapidly with no deteri 
oration at a high repetition rate and with a high efficiency 

Both the transistor and the Trinistor controlled rectifier 
can be used effectively in inverters. Transistor inverters 
have been constructed up to the 10 kilowatt level and have 
performed at frequencies as high as 20 kilocycles per sec 
ond. Above the 10 kilowatt level, however, the Trinistor 
device appears to be more suitable, particularly since the 
technical considerations indicate that extremely high 


powers can be obtained in single units 


C\ 





Since the transistor and the Trinistor controlled recti- 
fier are used in essentially the same manner for power 
conversion, the remainder of this article will be restricted 
to the Trinistor device. 

Generally, an inverter requires a pair of Trinistor units, 
one of which supplies the positive half-cycle of the alter- 
nating current wave, and the other the negative half-cycle 
Circuitry developed thus far will permit parallel or series 
combinations of the Trinistor rectifier to be operated effec- 
tively; the output waveforms from the inverters can be 
made square wave or sine wave 

Trinistor inverters constructed thus far have been oper- 
ated to approximately 60 kw of power and as high in fre- 
quency as 20 kilocycles per second. The Trinistor device is 
relatively small in size and in most applications must be 
connected to a heat dissipating element to remove heat 
generated internally and maintain operating temperatures 
at a reasonable level. 

The semiconductor power inverter has all the advantages 
generally associated with static units, including high relia- 
bility, low maintenance, and minimum noise generation 
In addition, weight and volume of the semiconductor 
inverter may be much less than a motor-generator set. In 
the future, the Trinistor controlled rectifier will be designed 
to handle much greater power than present units and, as 
the operating voltage is increased, the efficiency of the 
inverter 1s also increased. In general, the Trinistor inverter 
is expected to be significantly more efficient than the ig- 
nitron inverter. 

Ihe basic functional element of the Trinistor device is 
the specially prepared silicon wafer (Fig. 1). The wafer 


Fig. 1 At top is a Trinistor switch; the basic functional element of the Trinistor is the silicon wafer shown in the man’s hand. 
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itself is smaller in diamet 


er and thinner in thickne- thar 
a dime, yet is capable of controlling 100 amperes at 200 
volts. Semiconductor materials are improving rapidly an 
as a result, the power handing capabi ities of Trinisto 
devices have gone from a relatively small number of w 

to today’s level of 20 kw in only two or three years. Sus 
tained development will vield even greater increases 1 


1} 


future, and a silicon wafer not much larger than the present 
unit may be capable of handling as much as 1000 amperes 
at 1000 volts. At present, the current density in the water 
is about 500 amperes per square inch, and by 1965 
probably will have in reased to about 1000 an peres px 
square inch. In the same time, voltage—now limited to the 
range of 200 to 400 volts—will be increased to 1000 or 
more volts 

The rapid growth in the power-handling capabilities of 
the individual semiconductor devices is illustrated in Fig 
2. The curves show that the capabilities for a single device 
have been increased by a factor of 10 in the past two years 
By 1965 they will have increased by as much as 30 times 
our present-day limits 

The power-handling capabilities of static inverters using 


these devices is also increasing rapidly, as shown in Fig 


3—from a few watts a couple of years ago to 10 kilow 


att 
in 1959 and in excess of 75 kilowatts this year. However, 
these systems offer considerable advantages in other 
ways as well. One of the more important ones ts relatively 
low weight. A prediction of comparative weights for the 
future is shown in Fig. 4. Note thai the static inverter may 
be roughly one-half the weight of a motor-generator set for 
equivalent power rating. The static inverter can operate 
at frequencies as high as 20 kilocycles, and its weight in 
that rating will be markedly below that of existing com 
parable motor-generator sets. Also, the weight of the stati 
inverter is considerably less than existing electronic units 
for the same frequency and power. 

Another advantage of static inverters is small volume. 
The volume required for the semiconductor static inverter 
will be roughly one-half that of the motor-generator set, 


as indicated in Fig. 5. A simple statement of occupied vol- 
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ime, however, 1s only part ol the story. Since the stat 


nverter is made up of small individual components, 1t can 
be made in almost any geometric form. This ability to vary 
he shape of a static inverter ts of extreme importance in 
military applications and also will be of importance in a 
iriety of other applications where space 1s at a premium 

Perhaps the most important single factor relating to the 

e of semiconductor static inverters ts the matter of eth 
iency of conversion. In Fig. 6, the efhcency of the motor 
yenerator set at both 60 and 400 cycles is compared with 
the static inverter for power ratings up to 1000 kva. Note 
that only one curve is necessary to show static inverter 
at 60 cycles as at 400 


eficiency because it works as well 
ycles per sec ond. As can be seen, in the range from 10 to 
1000 kva the static inverter is capable of extremely high 
ethorency &7 to 9O percent as compared to 75 to &8 per 
cent for the motor-generator set 

Static inverters are still being improved at a rapid rate 
An efhiciency of 95 percent ts possible as the semi onductor 
material and circuitry are improved. This, in essence, 
means that the 10 to 15 percent loss now experienced in 


power inversion will be reduced by a factor of 2 or 3 to 


only 5 percent in the future 











Thus far, only the advantages of static inverters have 
been described; a complete story must also present the 
disadvantages. One attribute of static power inverters is 
their ability to deliver power immediately when required 
This is due primarily to the lack of inertial time delay 
since no rotating parts are involved. However, when over- 
loaded, the system has no inertia and little thermal energy 
storage and excessive voltages or currents might cause 
failure of the semi-conductor elements. Thus, some prote¢ 
tive circuitry is often necessary, and this increases circuit 
complexity 

A second possible disadvantage of the static inverter 
s that under normal conditions the unit may operate for 


sustained periods of time very close to the maximum al- 


iowed limits. Because of this, the designer has a decided 
tendency to allow very little factor of safety. This difficulty 
can be minimized, but must be kept in mind throughout 
the design effort 

Another problem arises from the fact that the semicon 
ductor static inverter employs a completely new concept of 
electrical circuitry; operating personnel will need to be 
trained to understand the semiconductor type of appara- 
tus. This should not be an acute problem since maintenance 


INPUT 
INPUT >) OUTPUT 


os 


OUTPUT 


es fF rer eee fe 


HOfv\poOorci AIA THO\T\VAY 





is exper ted to be extremely small 


and operating personnel 
in general will not have much need to provide repairs or 
maintenance for this apparatus. 


basic circuits 


Several circuits are specifically tailored to th 


e semicon- 
ductor device characteristics. With transistors, the capa- 
bility of full control both in the on as well as the off con- 
dition has been used in circuits similar to the basic element 
diagrams shown in Fig. 7. The circuit of Fig. 7a 1s a single- 
phase push-pull arrangement using two transistors; this 
type has found wide application particularly at low and 
medium power levels. Modifications have been made to 
this basic circuit to obtain frequency stability and fre- 
quency control; this type of circuit is frequently used as the 
basic oscillator for higher power systems 

\ modification of the basic single-phase, push-pull cir- 
cuit, using a bridge arrangement, is shown in Fig. 7b. In 
general, this permits operation at higher voltage more con- 
veniently than a simple series connection of transistors, 
since series arrays of these devices can present serious prob- 
lems. In Fig. 7c, the basic circuit has been modified for 
operation as a three-phase inverter. The circuit shown in 


INPUT 








] ig 7d 1s termed an “*L” type and is most useful when the 


oad is highly reactive so that advantage can be taken of 
the stored energy in the system. In all of these cir 
maximum power handling capabilities of the devices 1s 
obtained when the device is operated in the switching mode 
and the transfer from one condition to the other is accom 
plisl ed as rapidly as possible 

he development of circuits for use with Trinistor de 
vices has followed the transistor tect nique rather closely, 
but the important difference in lack of turn-off contro 
necessitates special turn-off techniques 


Phe present state of circuitry ts still in the early develop 


mental phase and as applications are investigated in 


greater detail, many more methods to achieve effective 





switching action will be evolved 

\ bridge circuit of the type shown functionally in Fig 
Sa will accomplish turn off of one pair of Trinistor devices 
when the other pair is turned on. The charge from the 
capacitor is used to produce essentially zero current in the 
Irinistor devices for sufficient time for the control! element 
to regain active control. In Fig. &b, the same kind of cor 
trol is obtained by effectively shunting a pair momentar 
and, as a result, current in the Trinistor devices goes to 
zero and control is regained. The auxiliary units stop 
ducting when the capacitor is fully charged. Both of the 
circuits have been used successfully in equipment, but 
other circuits now in development appear to have bot! 


technical and economical advantages 


j 


The availabilitv of these new semiconductor device 
that can handle large power has presented the engineet 


with new challenges in circuitry. More than ever, it appear 
that the device and the application should be considered 
together. The load becomes a fundamental part of the con 
verter circuit and important advantages can be realized 1 
both are used in the optimizing process 


the potential of static inverters 
Where does tt 


The Trinistor switch has grown from the level of watts 


2 


e semiconductor static inverter stand today 


to the level of kilowatts in two years. Research and deve 
opment efforts have been directed toward larger power 


ratings, and in the next few years, semiconductor inverter 
will be in the 10 000 to 100 000 kilowatt region 


Qf major importance to the successful application of 
the Trinistor switch ts the cost picture. Past experience 
with similar devices has been used to predict costs for the 
near and distant future. Costs for these new semiconduc- 
tors have experienced a dramatic reduction in the past few 
years; during 1959, for example, the cost decreased 75 per- 
cent. For the future, rapid reduction of cost is « xpecte dto 
continut 

Since the cost of the static inverter depends largely on 
that of the Trinistor device, the overall cost will also drop 
at a rapid rate 

Comparing costs for the 50 000-kilowatt level, the motor- 
generator set at present has a cost of about $70 per kilo 


watt and future designs may reduce this to 865. The ig 


nitron static inverter costs about S60 per kilowatt at the 
OO0-volt level In 15 to 0 Vears, this cost Is expected to 
drop to about S55 


The cost of the Trinistor static inverter is much higher 
ee 


in hig! 


1-power ¢ onventional systems at the present time 
But costs will be reduced rapidly in the years ahead 
Somewhere in the 1960's the Trinistor inverter should be 
it the motor-generator set level, and by the 1970's it should 
v comparable in cost to the ignitron inverter. Beyond 
this point, the semiconductor inverter should continue to 
drop and be substantially more economical than both 
motor-generator sets and ignitron inverters. The cost of the 
lrinistor power inverter may eventually drop as low as 

S40 to S45 per kilowatt 
Phe preceding figures are for inverters in the 50 000 
kilowatt and higher power levels. For many lower power 
applications, the semiconductor power inverter ts already 
the most economical, and for other applications, it wil 
a: } 


oon have lower costs lan conventional methods 


The new static inverters are now being used for a large 


umber of applications by the mili 


ary. In missiles, sub 
irines, and emergency power systems, the low volume, 
weight, and noise, and improved reliability under adverse 
ynditions have established the value of the semiconductor 
verter; many more miiitary app ications are now being 
explored and suitable units will soon be in development 
(Commercial and industrial use of the new inverters are 


beginning to evolve, and these applications are ex 


pected to grow rapidly. One of the more important ts 
expected to come a an outgrowth of thi engineering 
eftort the conversion ot alternating current trom one tre 
quency to another. This gives a new variable to the engi 


neer in his design of electrical equipment With frequen \ 


inge, high-frequency lighting, new motor designs, new 
1© power supplies, lower cost ultrasonic generators, and 


new com ept in speed control lor mill operation all loom 


is possibilitie 

\ continuing objective is to increase both the power 
handling capability and the application areas for sem 

conductor static inverters | or power from unconventional 
generators, for emergency power, for small power system 

for power where noise, weight, and volume must be kept 
toa minimum, for low maintenance and for high reliability, 
the semiconductor static inverter provides significant ad- 
vantages. Even more significant, however, is the rapid rate 


at which static inverters are being developed. 


ey Sign enginecrs should vive Care ful considera- ENGINEER 


tion to their use in any future applications. 








ELECTRICAL PORCELAIN TODAY A summary 


ments in the manufacture of tl 


J. R. GAMBLE 
Porcelain Department 
Westinghouse Electric Corporation 


Derry, Pennsylvania 


Despite a parade of plastics that have appeared in recent 
years, porcelain continues to be one of the most versatile, 
low cost, high performance insulation materials in use 
today. Porcelain has retained this position primarily be 
cause of several inherent advantages. It is easily formed, 
light in weight, and low in tool cost; it has zero absorption 
good dielectric strength, and excellent chemical resistance 
it is nontracking, and remains virtually unchanged in 
physical or electrical properties after years of exposure to 
all types of environments. 

Porcelain is an extremely versatile material, being used 
in all types of applications. It has grown and improved 
with the electrical industry since its inception. The original 
porcelain insulators were manufactured with basically the 
same materials and processes that were used for dinnerware 
and artware industries of that time. These were soon found 
to be inadequate to meet the growing demands of the ele 
trical industry and, of necessity, a new class of porcelain 
was developed to meet these demands 

This material with a modulus of elasticity of approxi- 
mately 10 x 10® pounds per square inch ts three times as 
elastic as steel, yet is lighter than aluminum. 

One of the major improvements in porcelain over the 
years has been the development and use of prestre ssed 
glazes to improve the strength of insulators. The glazes 
are closely controlled to have the proper coethcient of 
contraction or expansion with respect to the body to insure 
that the glaze Is alway . prestressed in compression Proper 
selection and apply ation of glaze although only 0.006 to 
0.008 inch thick, can increase the strength of an insulator 
as much as fifty percent over its unglazed equivalent 

Like other nonductile materials, porcelain is greatly af 
fected in strength by its surface characteristics. The less 
ductile the material, the more pronounced are the effects of 
surface conditions 

The raw materials used in porcelain inherently produce 
a product with a slight surface roughness. To improve the 
surface and make tt easy to clean, a coating of glaze is 


applied over the porcelain body. These glazes are composed 
of essentially the same materials as those used in the body 
of the insulator with additional fluxes and coloring agents. 
During firing, the glaze becomes molten and flows over the 
surface of the insulator, coating it with a thin glossy coat- 
ing that is tightly bonded to the porcelain body. During 
cooling after firing, the porcelain and glaze attempt to 
shrink in accordance with their individual coefficients of 
expansion. If the glaze is made to have a lower coefficient 
of expansion than the porcelain body, it will be stressed in 
compression. During cooling, the glaze attempts to shrink 
less than the porcelain body; but, since it is tightly bonded, 
it must follow the greater contraction of the body. This 


prestresses the glaze in compression. This type of glaze 
improves transverse strength since the tensile stress pro- 
duced by an applied transverse load will subtract from the 
residual compressive stress produced in the glaze. 

his prestressing of the glaze is quite practical and is the 
method used by all major electrical porcelain manufactur- 
ers today. 

The opposite effect, that of making the glaze with a 
greater coefficient of expansion than the body is quite 
possible, but is never used. The stress produced in this 
manner can be so great that the glazed surface actually 
fails in tension, and the surface will show a pattern of very 
fine cracks or craze marks. This type of glaze will reduce 
transverse strength since the tensile stress produced by an 
applied transverse load adds to the residual tensile stress 
in the glaze. 

Like metals, the physical and el¢ 
specific requirements. For 


trical properties of por- 
celain can be tailored to meet 
example, the addition this year of an alumina body pro- 


vided an electrical porcelain material with essentially the 


same dielectric strength as the ‘‘standard”’ porcelain, but 


with approximately double the mechanical strength, good 
thermal shock characteristics and at least double the 


impact strength. 


Electrical porcelain can be divided into several distinct 
types of materials. The end properties can be designed in 
any one type to cover a wide range of end products. The 


most familiar type, “standard” electrical porcelain, is made 


of a mixture of clay, feldspar and flint (quartz). Feldspar 
is a combination of the oxides of sodium, potassium, alu- 
minum and silicon; flint is essentially silicon dioxide; and 
the clays are complex alumina silicates. These various con- 
composition depending 


upon where they are mined and these variations permit the 


stituents of porcelain vary in bas! 


composition to be altered to obtain the desired end result 
Ihese variations also make it possible to use a variety of 
processes to form the insulator required. The bodies can 

lies to obtain intricate 


be designed for pressing in metal dies 


details, or for casting by the use of plaster of paris molds 
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or for extrusion and machining. Some of the basic process 
ng methods are outlined in Fig. 1 


Porcelains made with alumina (aluminum oxide, Al,O 
form another distinct type 


The alumina can be obtained 


from several sources: it can be used as found in nature as 


he mineral corundum; bauxite, the alumina hydroxide, 
can be used; or alumina can be produced from | 


fourth source is one of the alumina silicate forms. The 


various bodies produced from alumina again cover a wide 


auNxite; a 


ide 
range of end properties ranging in application from high 
strength bushings to refractories. 

Zircon porcelains (zirconium silicate, ZrSiO, in be 


ympounded to give excellent physical and electrical proj 


erties for use in applications where the parts are subjected 
to great thermal shock such as in circuit breaker arc chute 
plates, or for high frequency applications where low loss 
is a prime consideration 


These examples do not cover all the major types of ele 


trical porcelain, but are indicative of the design potentiali 
ties that exist with porcelain materials. The processes used 
for forming the major types of electrical porcelains are 
shown in Fig. 2 

Many of the methods used in forming metals—extrusior 
spinning, forging, machining, pressing in dies, and casting 
—have their counterparts in forming porcelain. These 
processes lend themselves to parts ranging from button 
size to the huge weathercasings for 345-kv applications 

Smal 


identical parts are formed rapidly fron 


tubes with automatic lathes in whict 


which tools and ock are 
ndexed to definite positions by cams. Turning, drilling 
forming, counterboring and threading, and many other 


operations can be performed. This equipment ts similar 11 
Vy respe ts to a multiple spindle automat crew 
machine. For high-activity items, larger tubes can _ be 


machined on semiavtomatic lathes that are capable of 


mact ining at feeds and speeds in excess of those as 


wiated 

with the better machining metal alloys 
Metals-joining techniques are also possible with por 
celain. Soldering is a commonly used method. A solution 
containing platinum and gold compounds in solvents, to 
gether with other compounds to serve as fluxes to attach 


the metal to the porcelain, is brushed onto the glazed por 
celain surface. The piece is then fired in an oxidizing at 


mosphere to develop a thin metallic band. With proper 
trols and firing, an intimate bond results between t} 


cont ween r 
band and the glazed insulator. The low metal content of t! 
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Photo A Semiautomatic lathes are used for turning distribu- 
tion transformer bushings. The machine need only be loaded 
and unloaded by hand. 


Photo B Large insulator weathercasings are lathe turned while 
still in a plastic stage. 


Photo C The RAM pressing process uses plaster dies. 
Photo D Prestite pressing is done in evacuated dies. 


Photo E These 196-kv weathercasings have been removed 
from the casting molds and are drying in cradle molds. 


solutions used produces an wy thin (one to five 


The tinned and metal 


micro-inch) metallic band. band is 
parts soldered to it. 

The large differences in thermal coefficients of expansion 
between the porcelain insulator and the metal parts make 
it mandatory that the metal parts be designed as light 


possible to minimize the thermal stresses that may be im- 


t 


I as 


posed. A typical example of good design is the solder-sealed 


t 
t 


capacitor bushing, which has given many years of excellen 
field performance. The bushings 
almost universal Reena the indust 
This type of seal is also used on instrument, network, and 
specialty transformer bushings. 
ably the best field record of any metal 


ise of solder-sealed 1s 


ry for capacitors. 
he solder-seal has prob- 
to-ceramic seal in use. 


designing for porcelain 


Porcelain, with its many advantages, also has its disad- 
vantages—it has low tensile and impact 
difficult to hold to close dimensional! tolerances. 
these disadvantages often can be ove 
design and designer ingenuity 

The rolled seal on many types of bushings is a good ex- 
e and sho k resist- 


and it also per- 


and is 
However, 


strength, 
rcome through proper 
This seal provides the resilien 


Fig 


1 or 


ample. 
ance that is lacking in porcelain 
bushing to be either bolte« 


, 
5 ‘ 


mits the welded place. 
This same type of mounting has been 


for instrume 


used for the mounting 


flange high-voltage insformers. The 


Fig. 3 (Below) Simplified cross section of rolled-seal mounting. 
Photo F The unusual stop on this porcelain transformer 
tap-changer block avoids the problem of low-tensile strength. 


Photo G The elongated holes in the porcelain part (left) over- 
comes the tolerance restrictions of porcelain. 
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rolled-seal design imparts the same qualities of ease of inghouse porcelain department occurred in the casting 
assembly and resilience to these large weathercasing department with the installation of automati tempera- 





Probably the ‘atest. difficulty associated with por ure-humidity controlled driers. When porcelain castings 


celain is the fact that porcelain parts must be designed are released from the mold, they are incapable of support- 
with a one to three percent tolerance. In some cases, these ing their own weizht and must be dried until they reach a 
tolerances eliminate porcelain from consideration; but 1 moisture content of less than one-half of one percent 
many instances, a close examination of the functiona Immediately subsequent to casting, the piece is sup- 
requirements of a device or part will reveal a design that 1 ported in a half mold, which is designed to permit shrink 
acceptable. A recently designed porcelain drive coupling age of the piece as it dries. These ‘cradle’? molds hold the 
a good example of this type of functional design. The piece for three days. At this point, drying has progressed 
original drive coupling, made of glass polyester, presented to the point where the casting has enough strength to 
a problem because of the close tolerances required on the permit some handling, but not enough to permit machining. 
mounting holes (Photo G The answer was simple but Prior to the installation of the driers, the drying process 
effective—the holes were elongated. The result idequate was continued at room temperature for an additional 
nechanical strength, is superior in electrical streng hifteen days plus an additional ten days at higher tempera 
nd costs only 25 percent of the original versiot tures to prevent the possibility of differential shrinkage 
The limitation of low tensile strength can otten be over Oo irring during drving, which could crack the piece 
ome throug! areful design, an | proper selectio! I ma l hese large Cast preces shrink 15 to 20 percent from the 
terial and glaze. An example ts a tap-changer block now 11 time they are cast until they are fired. For example, a 
use on distribution transformers (Photo I \ sx Stay 196-kv weathercasing, which after grinding to length ts 
design permits the porcelain stop to withstand a cantileve O8-! | inches long, ts originally cast at 90 inches long, or 
ad imposed by a lug on a shaft running through the center roughly 30 percent greater in length to allow for shrinkage 
of the block. The desig1 simply changes the major comp. plus turning and grinding stock 
‘ f the applied force to one of compre where The installation of automatic temperature humidity 
porcelain is six to eight times as strong as in te! ontrolled driers has eliminated the capriciousness of the 


weather from the drving cycle, and total drying time has 


been reduced from about 25 days to 5-!5 days 





Aluminum. a relative newcomer in association with por New semidirect-tired periodic kilns have also helped to 
elain assemblies, is being adopted and used more wide decrease lead time and improve the ethcency of firing 
) improve appearance, reduce weight and reduce costs of Large cast ware was previously fired in muffle-type beehive 
ardware. From a use of practically zero a few vears agi kilns. In this type of kiln, there is no direct flame impinge 
it has grown to the point where it is one of the major ma re on the ware: all heating is indirect from the muffle 
terials in use in porcelain assemblies | type of firing is inethcient because much of the fuel 
One of the novel applications of aluminum has been the ed to tire the ware 1s expended in heating the muttle 
se of die-forged tlanges on bushi that use the rolle In the past, however, this type of firing was permissible 
seal design. Normally, forgings are associated with app by ise of the low cost fuels available 
ions requiring high tensile and yield strength, high impa In the new semidirect-fired kilns, the heated gases travel 
strength, endurance and wear resistance, but, for thes« p the side of the kiln to the top, then down through the 
langes, ductility, rather than high strengt! the prime re and out the flues, which are in the bottom of the kilns 
requisite. Aluminum alloy 3003 in the ‘‘as forged” temper | method of firing has reduced the amount of gas re- 
was selected for its excellent forming properties. Koll fort quired for a “burn” from 750 000 cubic feet to 385 000 
ng of the gasket seal on these types of bushings require ibic feet, and at the same time increased the capacity of 
1 material with a low yield strength and a wide range e kiln 40 percent. Also, the greater height in these kilns 
between the ultimate strength and the vield lrengt I} permitted tiring 345-kv weathercasings in one piece 
nsures adequate ompression of the gasket witho Through plant rearrangements and additions, straight 
springback, and insures against forming at stresses above ne assembly techniques are being incorporated into the 
the ultimate strength which weuld cause cracks or complet: manufacturing proce lor example, the assembly of cap 
rupture. The 3003 yy has the desired properties —a yield ind pin type and tation post insulators has been arranged 
strength of 6000 psi and an ultimate strength of 16 000 p © that component parts are delivered on pallets to the 
ith an elongation of thirty percent assembly area. These parts are assembled in jigs on a 
. double convevorized assembly line. After assembly, the 
proc ess im prot ements ators move through the initial curing chamber on the 
The porcelain-making process consists of five basic step conveyors to the exit, where they are removed from the 
—mixing the materials, forming into the required shape gs and loaded on monorail trolleys for conveyance 
drying, applying a glaze (if used), and kiln firing. The through the final days of curing. After curing, the pieces 
steadily increasing demands for electrical porcelain, bot] move on convevors through cleaning, tinal continuous 
in quantity and quality, have resulted in constant engineer flashover test, visual inspection, and packing 
ing development and more precise control of the manufa Although electrical porcelain manufacture has not yet 
turing process. For example, new extrusion, boring, and reached the realm of being one of the mass-production 
turning equipment has extended the range of extruded ndustries, it is now a highly mechanized, high 


sizes to the present limit of 19 inches, outside diameter production industry compared with older meth ENGINEER 
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COMMUNICATION TO SPACE VEHICLES A résumé of fun. 
damental factors that must be considered in developing space 
communications systems. 







H. WARREN COOPER The most critical problem 1s receiving from the vehicle 
Llectromechanical Project because of the inherent limitations on size, weight, and 
Westinghouse Electric Corporation primary power for the vehicle transmitter. For the earth 
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installation both the transmitter and the antenna can be 







large. Furthermore, ground station transmitted power can 






be increased for a fraction of the cost and effort of an in- 





The need to communicate from earth to manned space sta crease in the space vehicle system weight 
tions and to other extraterrestrial bodies, « oupled with the For the space end of the communication system, the 







development of low-noise receivers and large-aperture maximum antenna size is limited by the ability to support 





ground antennas, present the communications engineer ind stabilize the antenna and to point the radiated beam 






with a new set of parameters to optimize The parame ters of energy This, in turn, is a probl m in we ight; can the 






to be evaluated — weight, volume, and reliability —must be ncreased weight of a better antenna stabilization system 






considered as a function of fre quency, power, duration ard be offset by an equivalent decrease in weight of the vehicle 





range of mission, and the year when the mission ts to be transmitter and power supply ? These trade-offs must ‘be 






accomplishe | evaluated by a detailed analysis 
1; 


In analyzing the communications system the logical di- 
isions are: (1) establishing propagation parameters of the 


energy from the earth station to the manned space station, 







ind (2) choosing modulation systems to transfer the neces- 






f 


surv intelligence with the minimum of power requirements 






n the space vehicle. 






transmission losses 






lransmission losses occur from three major causes: free 


space attenuation, atmospheric attenuation, and attenua- 





tion due to ionization. 
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Electromagnetic energy radiated into free space spreads 
as the distance from the source increases, so that power 
density per unit area is proportional to the inverse square 
of the distance from the transmitter. The method of cal 
culating free space attenuation is shown in Free Space At 
enuation, p. 179, which shows that the free space attenua- 
tion for an isotropic vehicle antenna transmitting 1000 
miles to a 60-foot-diameter ground antenna of 50 percent 
eThecl ive aperture Is 114 decibels 

Gases in the atmosphere produce an attenuation that in- 
creases as frequency increases, as shown in Fig. 1. For fre 
quencies above 10 kilomegacycles (not of particular interest 
for earth-to-space communication), molecular absorption 
bands produce attenuation peaks (e.g., 100 db at 60 km 
due to oxvgen absorpti mn If the racio wave does not pass 
through the atmosphere at normal incidence, additional 
ittenuation results from the greater path length Thus, 
best communication is achieved for carth antenna sites at 
points where the space vehicle will be near the zenith for 


] 


the longest period of observation. Equatorial stations are 


desirable for this reason 
Attenuation by ionization results from the ionized layer 


n the atmosphere, which is caused by solar radiation and 





cosmic ray bombardment. This ionospheric attenuation 
iries with time of year, time of day, and sunspot cycles, 
ut it is generally less than one decibel 

Another attenuation results from the ionized laver that 
is created in front of a hypersonic vehicle. This attenuation 
exists even lor space ve hicles since the ionized layer that 
the vehicles acquire in the atmosphere is carried with them 
nto space. The attenuation due to this laver decreases from 


’ out 0 1 db at 1 kme to approximately 0.01 db at 10 kmce. 


Nose SOUTCES 


A successful communications Sy) stem must provide a siynal 
it the receiver which is higher than the noise levels occur- 
ring at the receiver output. The receiver noise level con 
sists of several parts. One source of noise is the thermal 
noise of receiver itself; the other sources are noise contrib 
ited 


noise contributed by thermal radiation received on an- 


by the antenna losses at their physical temperature, 


tenna sidelobes, noise contributed by the atmosphe re, and 


ralactic noise. The points of entry of these noise sources 


into the receiving system are shown in Fig. 2 


For analyzing the various noise contributions, noise is 
usua ly eXpresse d in terms of equivalent noise tem perature, 
so that the effect of a number of noise elements in cascade 
can be analyzed by summing noise temperatures. The re 
lationship between thermal noise power and equivalent 
noise temperature is expressed in the equation: 

P,=kTB 
where P,, is incremental available thermal noise power in 
itts. Ris the Boltzman constant (1.38 10° joules/°R), 
T is absolute temperature (effective noise temperature) in 
degrees Kelvin, and B is bandwidth in cycles 
Phe galactic noise received by an earth antenna (for a 


typical summer day) is shown in Fig. 4, expressed in terms 
of effective noise temperature. Galactic noise, electrical 
noise that enters the earth’s atmosphere from interstellar 
space, varies seve ral db with antenna orientation, but the 
curve shown in Fig. 3 represents a good mean value. 

At frequencies below one kme, galactic noise is the limit- 








ing factor. As frequency increases, atmospheric noise in- 
creases, as shown in Fig. 3. Atmospheric noise is caused 
primarily by oxygen and water vapor, which absorb radi- 
ated energy from the sun. This absorption represents a 
dissipation of the sun’s energy in the atmosphere, and this 
energy is reradiated over the entire elec tromagneti spe 

trum. Atmospheric noise varies with antenna orientation, 
as shown in Fig. 3. Note that the atmospheric gases there 
fore degrade performance two ways—by attenuating the 
signal, and by generating noise. 

Antenna noise is caused by losses in the antenna and re 
ception of noise energy from the earth’s surface on the an 
tenna side lobes. The effective noise temperature of the 
antenna when pointed at the zenith is about 20 degrees K 
Phis value is typical for most antenna systems in the 1 to 
10 kme region. However, the energy received from the 
earth on the lower half of the main beam when the antenna 
is pointed at the horizon increases the antenna effective 
noise temperature to about 100 degrees K. 


receiver noise characteristics 


Phe required vehicle transmitter power is largely controlled 
by antenna gain and ground receiver noise level. The low 
est ground receiver noise temperatures, about 8 degrees K, 
have been achieved using maser-type r-f preamplifiers 
Parametric (reactance) preamplifiers have also been con 
structed with noise temperatures of about 100 degrees K 

Phe power requirement for a typical vehicle transmitter 
and ground antenna combination can be determined by 
combining noise temperatures, converting these to an 
equiy ilent power (expre ssec In dec ibels above one milli- 
watt), and adding attenuation data 

The typical calculation shown in Effective Radiated Power 
(right) for a space station 1000 miles away determines the 
required effective radiated power (ERP is the product of 
transmitter power and antenna power gain) from the space 
vehicle. Since noise is spread uniformly through the band, 
the data can be normalized to a one- vi le bandwidth as 
shown. The effective radiated power required from a space 
vehicle 1000 miles away for an 8 and 100 degree K receiver 
is shown as a function of frequency in Fig. 4. 

The values shown in Fig 4 are for a signal-to-noise ratio 
of O db. Actually, for a reliable communications system, a 
carrier-to-noise power ratio of approximately 15 db would 
be required. Therefore, 15 db would be added to the values 
shown on the curve (1.e., for 100-degree receiver pointe dat 
zenith at Tkme, Pa —63 dbm (from curve)+ 15 db 

48 dbm.) The total power required from the space vehicle 
is obtained by multiplying the required bandwidth in 
cy les by the required power per cy¢ le of bandwidth. 

Phe values shown in Fig. 4 are based on the assumption 
that the earth receiver is looking toward a quiet portion of 


the sky. Considerably increased power is necessary if the 


trajectory of the space vehicle causes a high noise source, 
such as the sun, to come within the field of the main beam 
of the ground-based receiving antenna. 

Phe effective noise temperature of three possible vehicle 


receiver types is shown in Fig. 5. While the maser shows the 


lowest effective noise temperature, typical maser amplifier 
weighs 250 pounds, as compared to 10 pounds for a para 


metric amplifier, and 4 ounces for a crystal receiver. These 


weights include only the r-f front end of the receiver. 


ature of the vehicle receiving system to the noise tempera- 
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Fig. 6 Computed bandwidth allowance for frequency stability 
and Doppler shift. 


For receiving from the ground transmitter with a vehicle 
; 


receiver using a crystal mixer, the 750 degree K effective 
noise temperature is high enough to swamp the noise cor 
tributions of the antenna and galactic noise. Assuming the 
previous set of conditions (space vehicle 1000 miles away 
and 114 db space attenuation), the required earth ERP for 
a 750 degree K space receiver is about —55 dbm per cycle 
compared to —63 dbm ERP calculated for vehicle 

The required signal-to-noise ratio is dependent upon the 
modulation system and information rate required. For e 
ample, for continuous wave (CW) operation with speed of 
about 25 words per minute and a human operator, sat 
factory results can be obtained with a bandwidth of 100 
10 db. However 
for automatic systems in which the transmission rate is the 


cycles and a signal-to-noise ratio of 0 to 


equivalent of 100 five-letter word groups per minute, the 
required bandwidth is about 1000 cycles with a signal-to 
noise ratio of approximately 15 db. 

Other typical requirements are 3 kc for voice, and 4000 
kc for television. 


Doppler effects and bandwidth 


In addition to the bandwidth requirements for transmis 
sion of intelligence, additional bandwidth is required in 





either the ground or vehicle receiver to accommodate the 
Doppler shift of transmitted frequency and allow for fre- 
quency instability in the transmitter and receiver. 

Instability effects can be minimized by such techniques 
as phase-lock receivers to lock upon the transmitter carrier 
frequency. The frequency stability that can be achieved 
with a crystal-controlled transmitter in the vehicle is a 
minimum of one part in 107. For airborne equipment, 
stabilities of one part in 10° have been achieved on a pro 
duction basis 

The Doppler shift ts proportional to the carrier fre 
uency and to the velocity of the vehicle 


( 


since space vehicle velocity can be predic ted fairly at 
curately, the frequency of the ground station can be pro- 
grammed to the vehicle carner frequency as moditied by 
the Doppler effect 

The additional bandwidth required to allow for fre 
quency instability and Doppler shift can be expressed as a 
function of carrier frequency and vehicle velocity: 

B=f (O.1 + 0.0149 

where B is additional bandwidth in cycles, fis carrier fre- 
quency in megacycles, and 


sands of miles per hour. This additional bandwidth allow 


is vehicle velocity in thou 


ince must be added to the intelligence bandwidth required 
e.g., 3 kilo vi les for voice) to obtain total bandwidth re 
quirements. Total bandwidth requirements for CW, voice 
ind TV are shown in Fig. 6. 


tr pre al system 


The same parameters are involved for transmission from 
earth to vehicle or from vehicle to earth. The vehicle re- 
eiver can be stabilized to approximately one part in 10’, 
ind the carner frequency of the ground transmitter can be 
progr ammed to take into account the Doppler shift of Ire 
mency to the vehicle Adjusting the frequency of the 
‘round transmitter in accordance with the programmed 
velocity of the space vehicle eliminates the need for tuning 
idjustments in the vehicle receiver. For a 5000-mile-per 
our velocity away from earth of the space vehicle and a 
one-kmc transmitting frequency, the ground transmitter 
uuld be adjusted to be approximately 10 ke higher in fre 
juency than the vehicle receiver. Using this approach, the 
vehicle receiver can be a tixed-frequency receiver consider 
ibly less sophisticated than necessary for an unvarying 

ground transmitter frequency 

For a 3}0)-mph vehicle using the allowances shown in 
lig. 6, and a frequency of one kmc, bandwidths of 450 
vcles would be needed for CW, 3000 for voice and 4 mega 
es for rv. lor an Isotropn space antenna on space 
hicles 1000 miles from a 60-foot diameter ground-based 
tenna, the attenuation was shown to be 114 db. The 
power required from the earth transmitter can be calcu 
ited to be about 0.2 mw for code with a 1h-cye le (450 
cvcles including tolerance) intelligence bandwidth and 1.3 
mw for voice with 3000 cycles intelligence bandwidth and 
? watts for TV type transmission with a four-me intelli 
gence bandwidth. These data are based on a 1000-degree 
Kelvin receiver temperature in the vehicle and a 20-db 
ignal-to-noise ratio at the receiver (values typical of a 
crystal-type receiver 

For transmission from the vehicle to the earth, the re 
quired power ts decreased by the ratio of the noise temper 








ature of the vehicle receiving system to the noise tempera- 
ture of the earth receiving system. A noise temperature of 
about 20 degrees K should be achieved with a ground- 
based maser. The system noise temperature would be 
about O8°K (See Effective Radialed Power, p. 181). The 
power requirements of the vehicle transmitter therefore 
are reduced by a factor of 15 below those required for the 
earth transmitter. Thus, for a 20-db signal-to-noise ratio, 
the vehicle transmitter would require 0.01 mw for code, 
0.08 mw for voice, and 0.13 watt for TV. These values are 
for a 60-foot diameter earth antenna and isotropic vehicle 
antenna and a frequency of one kmc; if a directive antenna 
is used on the vehicle or a larger than 60-foot antenna is 
used on the earth, the power requirements are reduced 
directly as the ratio of antenna gains. 


antennas 


In a communication system the antennas convert the elec- 
tromagnetic energy from a guided mode on a transmission 
line to an unguided free space propagation mode. In per- 
forming this function, the important characteristics are 
the antenna directivity (effectiveness of concentrating the 
energy in a narrow sector), the reflection losses, the dissipa 
tive losses, and (in an aperture-type antenna) the spill- 
over losses due to part of the energy from the primary feed 
not being collimated (beamed) by the reflector. The ratio 
of the net energy received at the terminals of the antenna 
compared with that which would be received at the ter- 
minals of an antenna receiving equally well from all direc- 
tions (isotropic antenna) is defined as antenna gain. 

rhe dipole antenna has a gain of 1.5 compared to an iso 
tropic antenna. (The most common form of dipole antenna 
is a conductor of one-half wavelength, separated at the 
center by an insulator). For lossless, uniformly illuminated 
apertures, gain equals 4A /X? where A 1s the effective area 
of the aperture (the portion of plane surface near the an- 
tenna perpendicular to direction of maximum radiation 
through which the major part of the radiation passes) and 
Nis the operating wavelength expressed in consistent units 

The most common antenna used for the ground and for 
satellite communication ts the paraboloid, which coll 
mates the non-directional radiation of the primary feed 
and provides the area necessary to concentrate the radi- 
ated energy in a small sector. The paraboloidal surface is 
broadband in its collimating action. For example, a pol 
ished paraboloidal reflector will collimate acoustic energy 
at audio frequencies as well as it does electromagnetic 
energy at radio, infrared, and optical frequencies. 

On the vehicle, the antenna may be one of two types. A 
nondirectional antenna, such as a monopole on a metal 
plane, has low gain and is relatively simple. Typically, a 
nondirectional antenna for the L-band region has an oper- 
ating bandwidth of at least 40 percent —two orders of mag- 
nitude larger than the bandwidth required for even the 
broadest modulation system. For tlush-mounted antennas 
reduced to a minimum size, such as a cavity-backed slot, 
bandwidth ts reduced to about one percent, depending on 
the amount of size reduction. Flush-mounted antennas are 
essential only in an atmospheric environment at high Mach 
numbers. A monopole would be a more logical choice for 
space vehicles because of the higher efficiency and lighter 
weight. A stub for L-band would be about 2 inches long by 
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0.25 inch in diameter. The diameter need be only large 
enough to provide the necessary mechanical strength. 

The other alternative, a directional antenna, can be of 
two general types—an end fire or broadside type. Direc- 
tional antennas can provide gains of 20 db or more com- 
pared with non-directional antennas. Effective areas typi 
cally are between 50 and 70 percent of the physical pro- 
jected area in the direction of the maximum of radiation. 
An exception to this rule of relationship between effective 
area and physical area is found in the end-fire antenna 
Antennas of this type are commonly seen as home tele- 
vision receiving antennas. These antennas have a radiating 
element plus directive elements in front of the radiating 
element which increase the directivity and gain of the an- 
tenna system without changing the frontal physical area. 
However, it is not possible to place other structures in the 
immediate area of the antenna because the field extent is 
approximately as great in the virtual apertures as it would 
be in a physical aperture of equal gain. Typically, gains of 
the order of 16 to 20 db can be achieved by using end fire 
arrays of this type. 

On the other hand, for a broadside aperture, whether it 
be a paraboloid or an array, it is seen from the relationship, 
4xA/d* (or, expressed another way, 7 times the linear 
dimensions in half-wave lengths), that an antenna 10 half- 
wave lengths in height by 10 half-wave lengths in width 
has a gain in excess of 20 db. This antenna then would be 
five feet square as compared with the 50-foot long antenna 
necessary for an end fire array. As a result of these consider- 
ations, it is seen that an end fire array is quite feasible for 
achieving relatively low gains and has a desirable charac- 
teristic of being physically small in the broadside dimen- 
sion. On the other hand, the broadside array or broadside 
aperture of the paraboloidal type has the advantage of 


being shallow and of being broad band. 


trends in communication equipment 

for space systems 

The first lunar probes have used transistorized fm trans- 
mitters with 300 mw output at 100 mc, have 50 percent 
overall efficiency, and have a typical weight of one pound 
in a volume of 20 cubic inches. The frequency stability is 
such that 20 cps bandwidth is accountable to carrier noise 
and 3000 cps bandwidth to information. Phase lock re- 
ceivers for these probes have also been transistorized, and 
have a 7.5-ke lockup range, —130 dbm sensitivity, and 
one-quarter watt power drain. 

While 300 milliwatts radiated isotropically at 100 mc to 
a large earth antenna gives adequate telemetry and com- 
munication power to 4-ke bandwidth, this is inadequate 
for wider information bandwidths. Furthermore, as more 
radiating vehicles orbit the earth, the greater number of 
channels available at microwave frequencies makes use of 
these frequencies mandatory to handle the communica- 
tions traffic without interference. 

Transmitter power and weight will also increase as more 
information bandwidth is required. For a given communi- 
cation system, the transmitter power required will be pro- 
portional to this bandwidth. In fact, the recent Explorer 
V/ has gone to a five-watt digital channel to permit inter- 
mittent transmitter operation on the many telemetery 
channels required. The extreme in this process may be a 
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3-mc television band requiring 300 watts of transmitter 


ower. Thus, future communication links will increase 


t 
power and weight and will be time shared digital channe 
The present and predicted trends in transistors an 
tubes, shown in Fig. 7, provide means for estimating the 
weight and input power required. With present expen 
mental transistors, it is possible to get to the one-kmi 
frequency required. Future transistors may be satisfactory 
for narrow band telemeter links. 
\ vehicle receiver includes the following major ut 


the r-f front end, the i-f and video section, and the Powe 


supplies lor these units As presently constituted, the pril 
cipal elements of the r-f front end are low-loss resonant cir 
ts that imply metallic cavities of one form or another, a 
crystal mixer, and a local oscillator. An alternative ts to 
use one of the low-noise miniature ceramic triodes as al 
r-f amplifier for the front end of the receiver. The 1-f and 


t 
video amplifiers of the receiver are presently available a 
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semiconductor circuits using transistors and miniaturized 
components, and the power supply includes batteries and 
solar cells to provide the de voltages necessary for the r-f, 
i-f, and video portions of the receiver. The present disad 
vantage of the semiconductors in receiver i-f amplifiers ts 
the high noise figure (approximately 10 db), as compared 


with 1 to 1!. db for the tube type i-f amplifier. The noise 


figure or noise temperature of an amplifier is determined 
primarily by the input stage if this stage has sufficiently 
arge gain. Thus, an i-f amplifier can use a vacuum tube 
as the first stage to reduce the noise figure to a value com- 
parable to an all electron tube device. A further disadvan 
tage of the solid-state device ts the action on them by high 
energy radiation, such as is present in the Van Allen belt 

The predicted weight and volume of i-f strips with char 

teristics suitable for wide band (four megacycles) opera 
tion ate shown in Fig. 8. Transistorized 1-f strips are avail 
able with a 10-db noise figure in 9 cubic inches of volume 
It is estimated that by 1963 these will be further minia 
turized and the volume density relationship improved to 
the point where the i-f strip takes no more than tive cubi 
inches. Ultimately, by 1970 or 1975, the 1-f stmps can 
probably be built using molecular engineering principles 
In a molecular system, the i-f strips should have a volume 
less than 0.01 cubie inch 

Che volume of the r-f portion of the receiver will in all 
| 
than upon the advance in techniques. The losses tn the r-f 


robability depend more upon the frequency of operation 


circuit (cavity or coaxial resonator) depend upon the ratio 
of surface area to volume. The cavity size for one km 
wavelength of 12 inches) might be approximately four 


; 


cubic inches, decreasing to about 14% cubic inches at 3 
kme. The cavity weight will be no more than 0.04 pound 
Miniaturization techniques can reduce these sizes 

Power consumption of the receiver will vary from about 
1.5 watts for the transistorized version to about 0.15 watt 
for the molecular system 

Examining the curve of volume required (Fig. 8) shows 
that as molecular construction comes into use, the limiting 
factor on the volume of the system will be the r-f front end 
ind the antenna size. Ultimately, the volume of the entire 
receiver at L band (390 to 1550 me 


incl 


may approach about 
without the antenna 

Of the low noise r-f amplifiers under development at 
Westinghouse, the parametric amplifier is expected to ov 
vy seven cubic inches and weigh about eight pounds and 
be available in 1961 witha 1! D db notse figure. The Esaki 
or tunne diode appear to offer even more potential, andit 

cipated that an amplifier can be made with a volume 

of one cubic inch and a weight under one-half pound —suct 
implifiers should be available by 1963 


Required powers for different intelligence bandwidt! 
| 


re relatively small and well within the state of the art 

mprovements that must be made in the coming decade 
ire improved reliability, reduced power consumption, and 
| 


reduced weight and size. All four of these areas can be 1m 
proved with the molecular engineering approach to the de 
ign ot electron ystem the resulting reduction in size 
weight, and power consumption will allow increases in re 
iabilitv even greater than the inherent reliabuil 

ity of the molecular systems by permitting the ENGINEER 


ise of several redundant systems 








HIGH-ENERGY ELECTRIC ARC HEATER DEVELOPED A new 
device for studying missile re-entry problems. 


\ machine with the potential capability to supply a stream 
of gas at temperatures as high as 20000 degrees F and 
pressures as great as 15 000 psi has been devised by West 
inghouse scientists and engineers. The machine, an electric 
arc heater, can operate for sustained periods of time at an 
extremely low level of gas contamination 

The are heater was developed specifically for use as a 
high-temperature air supply for the study of missile re 
entry problems. However, the device also holds promise as 
a chemical synthesizer and as a furnace for processing 
metals with ultra-high melting points 

As a chemical synthesizer, the arc heater could supply 
the high temperatures necessary for inducing difficult 
chemical reactions. Nitrogen and oxygen, for example, 
could be combined in the heat chamber to form nitrous 
oxide, a compound widely used in chemical processing. A 


' 


synthesizer of this type could also find application 1 


processing petroleum produc ts 

Phe unit’s potentialities as a furnace might make a num 
ber of refractory metals available in ingot form for the first 
time. Normally used in powder form, metals such as tung 
ten are difficult to process because of high melting points 

In all of these applications, the success of the arc heater 
is greatly dependent upon a low level of contamination 
One of the major problems involved in units under devel 
opment during the past two years is that electrodes and 
walls of the chamber burn and thus contribute impurities 
amounting to as much as 10 percent of the mass of the gas 
flowing through the system 

The newly developed unit has a maximum contamina 
tion level of 0.2 percent. Sull further reductions in this level 
are contemplated. 


basic conce pl 


The basic con ept for the new arc heater was proposed by 
a scientist at the research laboratories. The concept in 
volved a scheme in which an electric arc, dissipating mega 
watts of electric power, could be maintained for prolonged 
periods of time to continuously transfer thermal energy to 
a gas passing through the arc. This is done virtually with 
out erosion of the electrodes, thus all but eliminating this 
cause of gas contamination 

Main components of the equipment are an arc chamber 
and a power supply (Fig. 1). The are chamber consists of a 
heavy steel envelope in which are housed the electrodes, a 
magnetic arc-rotator coil, a nozzle, and a variety of auxil 
iary mechanisms. The power supply for the alternating 
current system includes reactors, transformers, switchgear 
and control circuitry. 

A key to the performance of the new machine lies in the 
design of the two electrodes that form the terminals for the 
arc. The electrodes are hollow doughnut-shaped rings, 
placed horizontally, one directly above the other. Water is 
pumped through the rings for cooling. 

The electric arc is started by drawing it across the gap 
between the two rings. The arc is:then made to rotate 


. 


” 


around the gap at a high rate of speed. This rotation ts 


caused by the magnetic field from de coils, which are ar- 
ranged around the outside of the heat chamber. Arc rota- 


tion, combined with water-cooling, prevents the electrodes 
from heating to a point beyond the structural endurance of 
the material. Repeated tests of the unit have left the elec- 
trodes undamaged, indicating a lack of contamination 
from this source. 

The working fluid, such as air or nitrogen, enters the ar 


chamber and passes into the arc through openings near a 
water-cooled copper heat shield. The water-cooled heat 
shield, which can withstand arc temperatures well above 
10 000 degrees F without eroding, protects the walls of the 
arc chamber. After leaving the arc, the fluid passes through 
a water-cooled nozzle. 

rhe arc heater is believed to have a uniform temperature 
“profile” within the heat chamber. This means that tem- 


perature al the entrance to tl 


1@ nozzle is constant. 


prototype performance 


More than 50 tests of the prototype arc heater have been 
successfully completed, and testing will be cor tinued until 


the design limits of the equipment have been verified. 








This experimental arc 
air heater has sub- 
stantiated the basic 
concepts involved. 























Table | EXPECTED AREA OF ARC AIR HEA 
Pressure Psi 

Gas Temperature °R 

Arc Current) Amperes 


Input Voltage Volts 


TER OPERATION 


10 000 to 15 000 
10 000 to 20 000 
30 000 
13 800 


Table 1) SINGLE-PHASE ARC AIR HEATER 


DESIGN PERFORMANCE 


Design Pressure Psi 3000 
Design Air Flow Lbs/Sec 1.2 
Enthalpy at 3000 Ps: Btu/Lb 2000 
Maximum Contamination at 
Gas Stream 0.2% 
Test Duration 10 minutes out of each 


2 hour period 


Working Fluid Air or Nitrogen 


Maximum Current Input Amperes 


Input Voltage-——Volts 


Table I!) EXPERIMENTAL ARC AIR 


TEST MILESTONES 


Highest 

Pressure 
Data Point Tested 
Pressure of Chamber 730 Psia 
First Law Enthalpy No Analysis 
Arc Voltage 364 
Arc Current 1620 
Flow Lbs/Sec 0.687 
Working Fluid Nitrogen 
Power/Mass Flow Mw-Sec/Lb 0.86 


10 000 
6900 


HEATER 


Highest 
Power 
Tested 


265 Psia 
4670 Btu/Lb 
549 
5046 
0.186 
Air 





Photo (Left) A key to 
the performance of the 
new arc heater lies 

in the design of the two 
electrodes, shown here, 
which form the 
terminals for the arc. 


Fig. 1 This simplified 
schematic cutaway 
shows the principal 
elements of the new 
device 


Phe prototype model has been operated with a power in- 
put of 1700 kilowatts, and a high of 30.000 kilowatts ts 
planned. The temperature into the nozzle has been main- 
tained at 10 000 degrees—approximately the surface tem- 
perature of the sun 

Flow from the nozzle of the unit has reached a soni 
velocity of 3400 miles per hour. Velocities over ten times 
the speed of sound can be expe: ted when the gases are 
expanded with a hypersonic exhaust nozzle 

rhe prototype arc heater was designed to accommodate 
a 1.2-pound-per-second flow of either air or nitrogen. The 
unit should be able to supply gas at 1500 psi with a con- 
stant enthalpy of more than 2000 Btu per pound for as long 
as 10 minutes without damage or measurable gas con- 


tamination. The efficiency of heat 


‘ 


ransfer to the gas is in 
excess of 50 percent. 

So far, the highest pressure at which tests have been 
conducted is 730 psi. Other tests with a power input of 549 
volts and 5046 amps (9450 kilowatts per pound per second 
have raised the enthalpy of air passing through the cham- 
ber 4670 Btu per pound. 


ready for wind tunnels 


\ variation of the prototype model is now ready for use in 


the aircraft industry. Applied to a wind tunnel, the ar 
heater can help duplicate the extreme conditions met by 
missiles and other future space craft upon re-entry into the 
earth’s atmosphere. The arc heater should be capable of 
operating 10 minutes of each two-hour period. Other per- 
formance data are listed in Table II 

Further advances in arc-heater technology should per- 
mit the development of a device suitable for application in 
the metal, chemical and petroleum industries within one or 
two years. Such a device could be used wherever gases at 
extremely high temperature and pressure are needed. 
Presently, these industries have no practical means for 
producing temperatures of 10 000 to 20 000 de- 
grees F in gases at high pressure over a sustained ENGINEER 
period of time. 
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GAS TURBINE APPLICATIONS IN INDUSTRY Inherent advan- 
ertain processes, coupled with competitive installation 
‘rating costs, are establishing an important position for 


be divided into four major application categories 
fiers, integrated pressurized process units, extraction 


drives (generator or mechanical). 


I I 
1 fiers 
Phe gas turbine ha erent advantages tustT e gas-turbine gasifier supplies large amounts of hot ex 
power plant that suit 1t admirably to a number of apy t gase it moderate pressure up to 28 psia and at 
ys. Paramount 4 mg these advantage re il l ) to 1000) degree | It is particularly iseful with 
t ~t Tere c yr { e ¢ ess i e hot gas with a large amount of the 
~ t t t t re re ect 
nergy in the ex! gas at usabie temper re f Ag turbine gasifier usually consists of a single-shaft 
sure ind its al to operate in a range l et I turbine moditied to delive 1 pre surized exhaust. The 
shaft powers. In ad n, the exhaust ga rbine component drives its air compressor, and part or 
sv percent of the o gen of the intake r ) ‘ t the balance I the energy output i delivered to the 
is preheated combustion air tor a ! er eners rot n the torm of pre inized high temperature ex 
Ss I tor | ¢ ¢ ( ( The 1 ( be arranged to deliver me 
I ePxé ' , ve rye ell istaining, or to ret re boost 
er g ke g bines ¢ é ( determined by n factors a 
ma | é ( t K pre ( mponent ethoenct ind meta 
er equipme e deter , ( ( vd lerations involved are illus 
Ké »a ) é A { t | 1 | ese with the meta rgica 
irbine and the heat and power requireme f the apy f rs that govern pern ble operating temperature 
Sil e requirements var‘ 4 1eé1' ( ( epend ( rhe thre mita T ol the yvatem 


pact installations such as this are typical of industrial gas 
nes. This one powers an oil refinery compressor. 














two gas-turbine gasifiers is illustrated schematically in Fig. 
Ib. Each compressor takes air from the atmosphere, and a 
combuster heats its discharge to the temperature required 
for the turbine portion to supply mechanical energy equal 
to that absorbed by the compressor. This temperature, of 
course, is influenced by the back pressure imposed by the 
resistance of the process. The characteristics of the gasi- 
fiers are shown in Fig. 1c. 

The catalyst bed in the proce 
haust line, so the gasifier must deliy if laust at a 
pressure sufficient to overcome the resistance the fixed 
bed, associated piping, and any attached heat-recovery 
apparatus. The components in this installation are so ar 
ranged as to pro’ ide a self-sustai r machine: fuel flow 
is adjusted automatically by a governor to maintain gasi- 
fier speed. The process absorb if air at a tempera- 
ture exceeding 1000 degrees F on t > delivered period- 
KK ally to the « atalyst bed to heat and regenerate the bed 

This application is particularly interesting from a ther- 
modynamic standpoint because of its fuel requirements 
The fuel energy required for a given air temperature Trise¢ 
above atmospheric temperature is independent of the path 
followed on a temperature-entropy diagram. Therefore, the 


required fuel energy can be determined as shown in Fig. 1b 


Supplying a gas temperature of 1100 degrees F to the 
ai 


process requires 255 Btu per pound of gas delivered. T! 
amount of energy is required regardless of the back pres 
sure. Therefore, at lower back pressures the process com- 
bustor would be required to burn additional fuel because 
the discharge temperature of the gasifier’s turbine de 
creases as bac k pressure decreast Ihe total fuel required 
remains the same, however. whether it be burned 
combustor of the gasifier or in the process combust 
The advantages of the gas [ 
heat can be demonstrated by 
; ; 


Two gas turbines in this catalytic refinery installation drive 
process air blowers. Their exhaust gases heat boiler feedwater 
and serve as preheated boiler combustion air. 











scribed above with other available systems for supplying 
hot gases. One such system, illustrated in Fig. 2, is a 


separately driven compressor with a combustor to raise the 


gas temperature to the level required by the process. This 
system requires a fuel energy of 365.4 Btu per pound of 
gas to provide a heat output equal to that of the gas 
turbine gasifier. 

rhe ratio of the fuel required by the two configurations 
for the conditions cited is 1.43 to 1; that is, the separately 
driven compressor conhguration requires 43 percent more 
fuel per pound of gas delivered to the process The gas 
turbine gasifier would save $230 000 a year in a process 
requiring 240 pounds of air a second, assuming a fuel cost 
of 30 cents per million Btu 

In addition, if the exhaust pressure required is low, the 
full capability of the gas-turbine power plant can be 
utilized by arranging it to produce mechani 


al power as 


well as hot exhaust gases 
integrated pressurized process units 


The gas-turbine integrated pressurized process unit sup 
plies large volumes of air to a process, at pressures of three 
to eight atmospheres and higher, and it also may produce 
varying amounts of power according to the system ar 
rangement and pressure drops 

In a typical application (Fig. 3a), the compressor takes 
air from the atmosphere and delivers it at the required 
pressure. (In the type of installation illustrated, an inter 
cooler between compressor casings would normally be used 
for pressure ratios exceeding 6 to 1.) The compressor dis 
charge goes through the process and then to the turbine 

The performan e characteristics of an actual installation 


of this tvpe are illustrated in Fig. 3b. The unit. a rather 








TURBINE OR 
ELECTRIC MOTOR EXHAUST 


ood boo 
iT 


|P2~ 28.2 PSIA 
+ pla 227.2'F 
| PROCESS 
P) 14.7 PSIA | COMBUSTOR 
ror UC —i_j-——<— 


a 
FUEL“ 1) - 1100°F 






Conditions Assumed: 

Compressor inlet temperature (f,) 80 degrees F 
(539.6 degrees abs.) 

Compressor outlet temperature(t-) 227.2 degrees F 

Required gas temperature to process (fj) 1100 de- 
grees F 

Heat losses negligible 

Ambient air pressure (o;) 14.7 psia 

Compressor outlet pressure (p,) 28.2 psia 

Specific heat of air (C,) 0.25 Btu/Ib 

Molecular gas constant (a) 1.4 

Compressor adiabatic efficiency (,) 75 percent 

Compressor drive thermodynamic efficiency (») 
25 percent 

1. \A» (fuel energy required for gas temperature rise 

between compressor inlet and compressor outlet) 





36.8 Btu/Ib of gas 


2. Energy required by compressor drive a 147.2 
Btu/Ib of gas ” 

3. ony (fuel energy required for gas temperature rise 
between compressor outlet and process inlet) 
Cy (ty tr) = 218.2 Btu/Ib of gas 

4. Total fuel energy required = 147.2 + 218.2 = 365.4 
Btu /Ib of gas 


Fig. 2 An alternative system for supplying hot gas to 
a process. This combination of combustor and sepa- 
rately driven compressor is less efficient than the 
gas-turbine gasifier. 














small one, produces nitric acid. Its gas turbine is started by 
a steam turbine. The compressor discharge is delivered to 
the process at 120 psia and 450 degrees F. The process dis- 
charge is heated to 1250 degrees F in a catalytic combustor, 
passed through the turbine, and routed to a waste-heat 
boiler. Once started, the process is self-sustaining. Air flow 
to the process can be varied approximately 30 percent by 
controlling the gas turbine’s speed. 

Pressure and temperature relationships in such a system 
are shown in Fig. 3c. 

Air is usually discharged from the process at elevated 
temperature and appreciable pressure. Fuel required by the 
yas turbine can be added before or after the process, de- 
pending on process requirements. Metallurgical considera- 
tions limit the maximum permissible temperature of the 
gas delivered to the turbine component. The work balance 
between the compressor and the turbine depends largely 
on the pressure loss of the process; the balance can either 
‘be absorbed or made up as required. 

A dust load up to 0.01 grains per cubic foot, with 95 per- 
cent of the particles less than 20 microns in size and no 
particles larger than 100 microns, can be carried without 
serious turbine erosion. (This assumes that the chemical 
characteristics of any carryover from the process are not 
detrimental to the turbine.) Larger particles or heavier 
load could be tolerated but probably would increase main- 
tenance costs through more frequent replacement of 
turbine blading. 


extraction units 


Many processes require large amounts of compressed air, 
at pressures of 15 to 40 psig, that for various reasons is not 
directly returnable to the gas-turbine cycle. This need has 
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and_ low-level signal measurement 


led to development of extraction gas turbines with stable 
pressure-flow characteristics from zero to maximum flow. 

The gas-turbine cycle of an extraction unit designed to 
furnish air for blast-furnace blowing is illustrated in Fig. 
4a. The air discharge from the compressor is split ; approxi- 
mately one-third is available to the process and the balance 
is routed through a regenerator, where it is heated by ex- 
haust gas. The heated air then goes to a single external 
combustor fired with blast-furnace gas compressed to 
combustor pressure by a direct-driven axial-flow compres- 
sor. The combustor discharge passes through the turbine, 
and the turbine exhaust goes through the regenerator. 

This gas turbine is cranked by a steam turbine and as- 
sisted to approximately 2000 rpm. It is self-sustaining once 
started. Blast-furnace gas is its primary fuel, but distillate 
oil is available as an emergency stand-by fuel. 

The flexibility of this machine is illustrated in Fig. 4b. 
Air is supplied to the process from 0 to 100 percent flow and 
at‘any pressure below the maximum speed parameter. 
drives 
Development of mechanical power for direct drives, or for 
generating electrical power, is a natural field for gas tur- 
bines because of the widespread need in industry for ap- 
preciable blocks of power with some speed range. 

Here again, the gas turbine’s ability to utilize the waste 
gases of different processes as fuel and the presence of a 
process heat balance that can use the exhaust energy of the 
gas turbine are important factors in equipment selection. 

In the installation illustrated in Fig. 5, two gas turbines 
drive air blowers for a catalytic refinery unit. The turbine 
exhaust supplies preheated combustion air for two carbon- 


monoxide fired boilers and also heats feedwater. 
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CATALYTIC 
REGENERATOR 





Table 1 GAS-TURBINE ELECTRIC GENERATING STATION 
OPERATING COSTS (1958) 


Operating Costs 
Adjusted to Firm 
Capacity of 
131 140 000 kwhr 


Operating Costs, 
Gross Generation 
84 050 000 kwhr 


Item Amount Cost Amount Cost 
($) ($/kwhr) ($) ($/kwhr) 
Labor and Trans 
97 934 0.00116 97 934 0.00074 


portation 


Fuel Gas 212519 0.00253 254619 0.00194 


Maintenance Ma- 


terials and 
Labor 52616 0.00063 


5 565 0.00007 5565 0.00004 
323 698 0.00385 323 698 0.00247 


60 000 0.00046 
Overhead 


Depreciation 


Total 692 332 0.00824 741 816 0.00565 


Fig. 5 Gas-turbine drive for 
catalytic refinery air blowing 


Fig 6. Five gas turbines are 
the prime movers in this 
electric power station 


The turbine room of an electric power station using gas 
rbines as prime movers is shown in Fig. 6. The installa- 


on originally consisted of three 5000-kw gas-turbine 


generators; it has since been expanded to five units. Plant 


have proved to be lower than the estimates 


Ope rating cost 
gas turbines as the 


tnat led to the initial decision to use 


prime movers. Table I presents these costs for 1958. 


conclusion 
Places for gas turbines definitely exist in various industrial 
ipplications. The decision as to which is better—a gas 
turbine or some other equipment that can accomplish the 
required function—rests solely with such economic con- 
iderations as comparative effects in payout periods, 
and potential savings. Evaluation of many 


that using gas turbines 


ENGINEER 


operating costs, 
industrial applications shows 
instead of other prime movers often results in 
ower installed costs, better overall operating 


economics and lower maintenance costs. 
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